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abstract: Life histories are generally assumed to evolve via antag-
onistic pleiotropy (negative genetic correlations) among traits, and
trade-offs between life-history traits are typically studied using either
phenotypic manipulations or selection experiments. We investigated
the trade-off between egg size and fecundity in Drosophila melano-
gaster by examining both the phenotypic and genetic relationships
between these traits after arti®cial selection for large and small eggs,
relative to female body size. Egg size responded strongly to selection
in both directions, increasing in the large-egg selected lines and de-
creasing in the small-egg selected lines. Phenotypic correlations be-
tween egg size and fecundity in the large-egg selected lines were
negative, but no relationship between these traits occurred in either
the control or small-egg selected lines. There was no negative genetic
correlation between egg size and fecundity. Total reproductive allo-
cation decreased in the small-egg selected lines but did not increase
in the large-egg lines. Our results have three implications. First, our
selection procedure may have forced females selected for large eggs
into a physiological trade-off not re¯ected in a negative genetic cor-
relation between these traits. Second, the lack of a negative genetic
correlation between egg size and number suggests that the phenotypic
trade-off frequently observed between egg size and number in other
organisms may not evolve over the short term via a direct genetic
trade-off whereby increases in egg size are automatically accompanied
by decreased fecundity. Finally, total reproductive allocation may not
evolve independently of egg size as commonly assumed.
Keywords: life history, trade-offs, egg size, fecundity, Drosophila me-
lanogaster, quantitative genetics, arti®cial selection.
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All life-history traits cannot be simultaneously maximized,
and therefore variation within traits is likely to be con-
strained by trade-offs among them (Roff 1992; Stearns
1992). Trade-offs may be dif®cult to observe in natural
populations, however, where selection has already had the
opportunity to optimize life-history traits. Therefore, it is
often desirable to experimentally manipulate trait values
to increase variation among individuals, thereby increasing
the probability of detecting trade-offs. Two methods have
been used to study trade-offs: phenotypic manipulations
and selection experiments. Examples of phenotypic ma-
nipulations of life-history traits include increasing clutch
size by adding eggs to nests (reviewed in LindeÂn and Mùller
1989; Lessels 1991) and decreasing offspring size by re-
moving yolk from eggs (Sinervo 1990). Selection experi-
ments, in contrast, alter trait values by arti®cially selecting
for changes in trait means (e.g., Rose and Charlesworth
1981; Luckinbill et al. 1984; Rose 1984; Dorn and Mitchell-
Olds 1991; Nunney 1996). Phenotypic manipulations al-
low observation of life-history responses under natural
conditions of competition, predation, food, and environ-
mental stress in which trade-offs may have evolved (Rez-
nick 1992) and in organisms that cannot practically be
used for selection experiments (Partridge and Harvey
1985). Unless phenotypic trade-offs detected in such ex-
periments are representative of an underlying genetic an-
tagonism among traits, however, responses to phenotypic
manipulations will not necessarily be predictive of evo-
lutionary responses to natural selection on these same
traits (Stearns 1989; Sinervo 1993). Selection experiments,
on the other hand, can reveal the short-term evolutionary
responses of particular traits to selection (e.g., Reznick
1985, 1992; Roff 1992; Stearns 1992).
Egg size and fecundity are two life-history traits with
the potential to trade off both phenotypically and genet-
ically. Both traits are directly related to parental ®tness
(reviewed by Roff 1992). Energy allocated to reproduction
is divided among offspring, and both traits compete for
limited maternal resources (Sinervo and Licht 1991),
which suggests that these traits cannot be simultaneously
maximized and that phenotypic trade-offs are likely. In-
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Table 1: Summary statistics for egg size, fecundity, maternal body size (wing vein length), reproductive
output, and viability, showing means and SEs (in parentheses) of three lines for the two treatments and
the controls
Treatment N
Egg volume
(mm3)
Fecundity
(N/10 d)
Female wing vein
length (mm)
Reproductive
output
(mm3)
Viability (mean
no. of eggs
pupating/5)
Large eggs 129 .0191 (.00015) 305 (8.4) 1.565 (.0048) 5.78 (.15) 3.73 (.29)
Controls 132 .0183 (.00014) 330 (9.4) 1.577 (.0044) 6.00 (.17) 3.69 (.48)
Small eggs 127 .0167 (.00013) 314 (10.3) 1.575 (.0055) 5.22 (.17) 3.42 (.49)
Note: Statistical comparisons of fecundity and reproductive allocation among lines were made among means adjusted for
female body size (adjusted means are provided in ªResultsº), so that means presented here were not used in these comparisons.
deed, there is ample evidence of a phenotypic trade-off
between egg size and fecundity from both unmanipulated
populations of a wide range of species (reviewed in Roff
1992, table 10.4) and from phenotypically manipulated
species (Sinervo 1990). In the presence of these phenotypic
trade-offs, negative pleiotropic genetic relationships may
also evolve. There is, however, comparatively little evidence
of genetic trade-offs between egg size and fecundity. What
evidence there is comes from domestic fowl (chickens and
turkeys), which are characterized by a history of selection
to maximize both traits (e.g., Emsley et al. 1977). Such
species are expected to show an antagonistically pleiotropic
relationship between egg size and fecundity, because strong
selection to maximize both traits would tend to ®x alleles
leading to high levels of both characters and eliminate
those leading to low levels of both characters, leaving only
those alleles that contribute positively to one trait and
negatively to the other segregating in the population (Roff
1996).
In this study, we examined the relationships between
egg size and a suite of correlated life-history traits in Dro-
sophila melanogaster. Negative phenotypic relationships
between egg size and fecundity have been reported among
populations (Starmer et al. 1997) and species (Montague
et al. 1981; Berrigan 1991) of Drosophila, but neither the
phenotypic nor the genetic relationship between these
traits has been examined within a Drosophila species
(Azevedo et al. 1997). We used a selection experiment to
investigate the relationship between these two traits in D.
melanogaster. We selected for larger and smaller eggs and
examined phenotypic and genetic life-history responses
correlated with egg size selection.
To date, the majority of theory predicting the evolution
of egg size has postulated a process whereby total resources
available to reproduction and egg size are optimized in-
dependently (Vance 1973a, 1973b; Smith and Fretwell
1974; Brockelman 1975; Lloyd 1987; McGinley et al. 1987;
Sargent et al. 1987; Sinervo et al. 1992). Once optimized,
total reproductive allocation is divided among the maxi-
mum number of optimally sized offspring. Therefore,
these models assume a trade-off between offspring size
and number. Not all theory, however, assumes independ-
ence of allocation to total reproductive allocation and off-
spring size. For example, Winkler and Wallin (1987) pre-
dict that shifts in optimal offspring size may be associated
with shifts in total reproductive allocation. Because we
selected egg size, we were also able to test for shifts in total
reproductive allocation in response to egg size selection.
Methods
Selection on Egg Size
Selection was conducted on a population of Drosophila
melanogaster established from a collection of 50 ®eld-
caught females from Melbourne, Australia. These females
were mass bred in the laboratory for two generations. Nine
lines were established from the mass-bred population;
three large-egg selected lines, three small-egg selected lines,
and three control lines. For each selected line, 70 male/
female pairs of 1±2-d-old ¯ies were placed in individual
vials with Drosophila medium supplemented with yeast
and left for 3 d. On day 4, pairs were transferred to clean
vials containing medium and yeast only in the caps (this
procedure facilitates egg collection, because females ovi-
posit on the medium, which is quickly accessed by re-
moving the cap of the vial). The medium used for this
process was supplemented with molasses, which hardens
and darkens the medium, preventing females from ovi-
positing beneath the surface and providing contrast be-
tween the eggs and the medium, further facilitating the
process of egg measurement and collection, and left for
24 h.
The length and width of three eggs from each mated
pair were measured, and mean egg volume (egg
[egg width/2]2) of each pair was calculated. Thelength # p
body size of the adult female of each pair was estimated
using the length of the third longitudinal vein from the
tip of the wing to the anterior crossvein. Wing vein length
is highly correlated with body mass in Drosophila (Barker
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Figure 1: Selection response of egg size over seven generations of selection
for increased (solid circles, solid lines) and decreased (open circles, dashed
lines) egg size relative to body size. A signi®cant response to selection
was observed in both directions.
and Krebs 1995). All measurements were made using a
Video Trace Image Measurement System (Leading Edge
Pty. Ltd., Adelaide, 1994).
We selected for egg size and measured fecundity relative
to maternal body size (henceforth called relative egg size
and relative fecundity) because in many taxa, including
Drosophila, life-history characters such as egg size and fe-
cundity (reviewed in Roff 1992, table 10.3 and p. 126,
respectively) are strongly in¯uenced by maternal body size.
In D. melanogaster, in particular, selection for increased
egg size increased female body size (Parsons 1964). There-
fore, to understand how egg size and fecundity evolve with
respect to each other, our selection procedure was designed
to control for maternal body size. Controlling for maternal
body size allowed us to examine relationships between life-
history traits that were independent of this confounding
effect.
From each selected line, the 10 females producing the
largest (large-egg selected lines) and smallest (small-egg
selected lines) relative egg sizes were used to establish the
next generation. Relative egg size was determined using
unstandardized residual egg volume from a regression of
log10 mean egg volume for each female on log10 wing
length. Offspring of these 10 selected females in each line
contributed seven randomly selected females and males to
the next generation. These individual males and females
were randomly assigned to 70 pairs, placed in vials, and
left to establish the next generation. This procedure en-
sured a constant effective population size among lines. For
each control line, 10 randomly selected pairs were used to
establish each new generation but were otherwise treated
the same as selected lines. The nine lines were staggered
by 2-d intervals to facilitate the logistics of the selection
procedure. Selection continued for seven generations, and
all ¯ies were maintained at 257C.
Correlated Responses to Selection
After seven generations of selection on egg size, correlated
responses in fecundity, viability, maternal body size, and
total reproductive allocation were evaluated. In the gen-
eration after selection had ceased, egg size, fecundity, ma-
ternal wing length, and egg viability were measured on all
lines simultaneously. From each line, 50 females, up to 24
h old, were individually placed with a single male in a vial
containing medium only in the cap, as used in the selection
procedure (described earlier). Caps were changed daily,
and the total number of eggs laid by each female in 10 d
was recorded. After 10 d all lines had reached peak daily
fecundities and were declining. On day 7 of this experi-
ment, the volume of three eggs per female was estimated
as in the selection procedure. On day 10, ®ve eggs from
each female were spotted into each of two vials containing
Drosophila medium. The number of individuals reaching
pupation was used as the measure of viability. The wing
length of the females was measured as in the selection
procedure.
Results
Selection on Egg Size
Egg size responded to selection for both increased and
decreased size (table 1; ®g. 1). Following selection, mean
egg volume ( ) was signi®cantly different from3mm 5 SE
controls in both directions (orthogonal contrasts with
three replicate lines per treatment and 5% Type I error:
large-egg selected lines 1 control lines 1 small-egg selected
lines; table 1). On average, egg size increased in the large-
egg selected lines by 4.8% and decreased in the small-egg
selected lines by 8.7%. This range is greater than that
observed in nature in this species (Azevedo et al. 1996).
Realized heritabilities of egg size (Falconer 1989) were
similar in the two directions; on average, 14% and 10%
for large-egg and small-egg selected lines, respectively.
Lines selected for increased egg size had a signi®cant re-
alized heritability of ( ; t-test,0.139 5 0.015 X 5 SE t =2
, one-tailed ), and lines selected for decreased9.63 P ! .01
egg size (open circles, dashed lines) had a signi®cant re-
alized heritability of ( ; t-test,0.104 5 0.027 X 5 SE t =2
, one-tailed ). The responses in egg size were3.83 P ! .05
independent of changes in maternal body size (orthogonal
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Figure 2: Relationship between relative egg size and relative fecundity,
in the selected and control lines: A, large-egg selected lines; B, control
lines; C, small-egg selected lines. (In A±C, symbols for line 1 are solid
circles and solid lines, line 2 is represented by open circles and dashed
lines, and line 3 is represented by squares and broken lines.) Egg size
and fecundity were corrected for the body size of individual females using
residual analysis. We regressed log10 (egg volume) on log10 (wing
size) and log10 (fecundity) on log10 (wing length) for alllength = body
individuals; the axes in this ®gure represent the relationship between the
unstandardized residuals from these analyses. Regression analyses for each
of the nine lines (i.e., six treatment and three controls) were large-egg
selected lines, line 1: , ,m (slope) = 22.23 b (intercept) = 20.002 F =
, , ; line 2: , , ,11.8 df = 1, 40 P = .002 m = 21.19 b = 0.03 F = 4.5 df =
, ; line 3: , , , , ;1, 40 P = .04 m = 22.04 b = 0.09 F = 12.3 df = 1, 43 P = .001
control lines, line 1: , , , , ;m = 20.24 b = 0.08 F = 0.26 df = 1, 45 P = .62
line 2: , , , , ; line 3:m = 21.61 b = 20.06 F = 2.9 df = 1, 41 P = .14 m =
, , , , ; small-egg selected lines, line20.15 b = 0.04 F = 0.06 df = 1, 40 P = .8
1: , , , , ; line 2: ,m = 20.87 b = 0.004 F = 2.3 df = 1, 44 P = .14 m = 1.12
, , , ; line 3: , ,b = 20.04 F = 0.82 df = 1, 34 P = .37 m = 20.72 b = 20.06
, , ).F = 0.34 df = 1, 42 P = .56
contrasts with three replicate lines per treatment and 5%
Type I error; large-egg selected lines = control lines =
small-egg selected lines; table 1).
Correlated Responses to Selection on Egg Size
Following our selection procedure, a phenotypic trade-off
between egg size and fecundity was evident in the large-
egg selected lines only. Each large-egg selected line exhib-
ited a signi®cant, negative correlation between relative egg
size and relative fecundity (line 1: , ; line2R = 0.23 P = .001
2: , ; line 3: , ; ®g. 2A).2 2R = 0.10 P = .04 R = 0.22 P = .001
In contrast, no signi®cant relationships between these
characters were evident in any of the control or small-egg
selected lines ( : line 1 = 0.01; line 2 = 0.06;2R = controls
line 3 = 0.00; small-egg selected lines: line 1 = 0.05; line
2 = 0.02; line 3 = 0.01; for all lines; ®g. 2B, C).P 1 .14
In spite of signi®cant responses in egg size to selection,
relative fecundity did not decrease in the large-egg se-
lected lines and increase in the small-egg selected lines
as expected if there had been a negative genetic corre-
lation between egg size and number (®g. 2). There was
no difference between the slopes of the lines among the
three treatments using nested ANCOVA (with replicate
selected lines nested within treatments) ( ,F = 1.48 df =
, ). Similarly, there was no difference2, 379 P = .228
among the three treatments in elevations of the lines
( , , ). Therefore, adjusted meanF = 0.95 df = 2, 6 P = .439
fecundities for the three treatments (large-egg selected
, control , small-egg selectedlines = 8.90 lines = 14.11
) were not signi®cantly different. More-lines = 227.84
over, the change in mean relative fecundity in the small-
egg selected lines was in the direction opposite that ex-
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pected if egg size and fecundity trade off (table 1). Rather
than increasing, adjusted mean fecundity in the small-
egg selected lines decreased more than fourfold compared
with either the control lines or large-egg selected lines.
This lower fecundity was not compensated by an increase
in viability. Instead, viability was signi®cantly reduced in
the small-egg selected lines (orthogonal contrasts with
three replicate lines per treatment and 5% Type I error;
large-egg selected lines = control lines 1 small-egg se-
lected lines; table 1). Total relative reproductive allocation
( egg volume [mm3]) was also reducedfecundity # mean
in the small-egg selected lines (orthogonal contrasts of
mean residual reproductive output with three replicate
lines per treatment and 5% Type I error: control lines
-egg selected lines0.298 5 0.169 = large 0.16 5 0.143 1
-egg selected lines , ). Thus,small 20.473 5 0.163 P ! .05
®tness in the small-egg selected lines was reduced com-
pared with that of the controls and large-egg selected
lines, which indicates that egg size and fecundity did not
trade off when egg size was placed under selection.
Discussion
Our selection regime produced signi®cant changes in egg
size in both directions. There was no (genetic) change in
fecundity in response to selection, but there was a change
in total allocation of resources to reproduction in ¯ies with
decreased egg size. In addition, a negative phenotypic re-
lationship between egg size and fecundity occurred in the
lines with increased egg size. These results have important
implications for the study of life-history evolution.
We observed a negative phenotypic correlated response
in fecundity to selection on egg size that was not associated
with a negative genetic correlation between these two
traits. Thus, the phenotypic response to selection was not
indicative of the short-term evolutionary response of this
population, and therefore our results contribute to the
debate on how best to study trade-offs (e.g., Stearns 1989;
Partridge 1992; Reznick 1992). In this case, life-history
responses to direct manipulations of egg size phenotypes
would not have been informative of how life histories
evolve over the short term. Nonetheless, it is possible that
in the long term, the negative phenotypic trade-off pro-
duced by our selection regime would have resulted in the
evolution of antagonistic pleiotropy, bringing the genetic
correlations into accord with the phenotypic correlations
(Scheiner et al. 1989; Dorn and Mitchell-Olds 1991). This
implies that phenotypic correlations may be more infor-
mative of the long-term selection response of a population,
whereas genetic correlations are indicative of the short-
term response. If this were the case, some of the debate
about the relative importance of these two methods may
be spurious. Longer-term selection experiments are re-
quired to determine whether phenotypic correlations with-
out an apparent genetic basis will eventually produce an-
tagonistic pleiotropy.
Why did we observe negative phenotypic correlations
in the large-egg selected lines only? Negative phenotypic
correlations are sometimes evident within unmanipulated
populations but are more frequently observed between
species, among populations, or after experimentally in-
duced changes in character values (Stearns 1992). Dro-
sophila appears to be no exception to this pattern (Mon-
tague et al. 1981; Berrigan 1991; Starmer et al. 1997; this
study) because a negative correlation between egg size and
fecundity was not evident in our ¯ies until egg size was
increased by selection. Flies in the large-egg selected lines
produced larger eggs than the controls but did not increase
total reproductive allocation relative to the controls. Thus,
our selection procedure may have forced females in the
large-egg lines into a physiological trade-off as they divided
limited resources into relatively large offspring.
Selection for reduced egg size was associated with a
signi®cant reduction in the total amount of energy allo-
cated to reproduction. Thus, total reproductive allocation
changed in response to selection on egg size, suggesting
that theory that treats the evolution of egg size and total
reproductive allocation as independent (e.g., Smith and
Fretwell 1974; Brockelman 1975; Lloyd 1987; McGinley et
al. 1987; Sargent et al. 1987) may not provide a compre-
hensive view of how patterns of reproductive allocation
and egg size might evolve. The only model to date that
links total allocation and optimal egg size (i.e., Winkler
and Wallin 1987) predicts that decreases in optimal effort
per offspring should be associated with increases in total
effort, the opposite of our result. Moreover, the response
of total reproductive allocation to changes in egg size was
not parallel in the large- and small-egg treatments. Total
reproductive allocation did not increase in the large-egg
selected lines, suggesting that increases in total reproduc-
tive allocation may be more dif®cult to achieve evolu-
tionarily than are decreases.
Although predicted by genetic models of life-history
evolution, we did not observe a negative genetic correla-
tion between egg size and fecundity in this study. There
are at least two possible explanations for this result. First,
although functionally related, egg size and number might
not share the same genetic basis and may therefore evolve
independently. This possibility seems remote given that
long-term selection on these characters (e.g., in domestic
fowl; Emsley et al. 1977) apparently produces negative
genetic correlations between them. Second, and more
likely, there may have been a negative pleiotropic genetic
correlation between these two traits, but we were unable
to detect it. Later we explore possible reasons for failing
to detect a genetic trade-off between these characters.
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A simple negative genetic correlation between two traits
may be masked by other, more complex pleiotropic in-
teractions (Pease and Bull 1988; Charlesworth 1990).
Therefore, correlations between egg size or fecundity and
other life-history traits, if present, could have made ob-
servation of a trade-off between the two traits of interest
dif®cult to detect (Charlesworth 1990). Alternatively, the
response to selection may have differed between the two
treatments. For example, if small eggs, like lowered fe-
cundity (Falconer 1989), are symptomatic of overall low-
ered ®tness, our selection process may have caused reduced
fecundity in the small-egg selected lines (although we ex-
pected increased fecundity) because by selecting for small
eggs, we selected for an accumulation of deleterious alleles
that may affect more than one component of ®tness, lead-
ing to overall lowered ®tness in those lines (Falconer 1989).
Experiments selecting for decreases in characters related
to ®tness have been criticized because they may produce
individuals with generally lowered ®tness that could not
exist in nature (Roff 1992). Nonetheless, the ªeasiestº route
to small eggs may be via generally lowered ®tness. If so,
populations under selection for small eggs (Sinervo et al.
[1992] report evidence for directional selection for small
eggs in the wild) might have to undergo a period of re-
duced ®tness before selection eliminates individuals with
lowered fecundity and small eggs. In this case, selection
for small eggs may eventually produce an increase in fe-
cundity, but increased fecundity would not be an auto-
matic consequence of reduced egg size, as it is assumed
to be in many discussions of the evolution of egg size (e.g.,
Vance 1973a, 1973b; Smith and Fretwell 1974; Brockelman
1975; Lloyd 1987; McGinley et al. 1987; Sargent et al. 1987;
Sinervo et al. 1992).
Stabilizing selection acting on populations may also
make negative genetic correlations between traits dif®cult
to detect (Falconer 1989). In our experiment, balanced,
polygenic combinations of alleles for fecundity, inter-
spersed with alleles for egg size, may have been disrupted
as recombination produced more extreme egg sizes
(Mather and Harrison 1949; Latter and Robertson 1962;
Mather 1983), masking any effects of pleiotropy. We do
not know whether linkage relationships existed between
the alleles underlying egg size in this population. However,
egg size in Drosophila is thought to be under stabilizing
selection (Curtsinger 1976a, 1976b; Roff 1976; Azevedo et
al. 1997), and one consequence of stabilizing selection is
the generation of balanced combinations of alleles in re-
pulsion linkage (Falconer 1989). If linkage relationships
were the reason for the lack of a correlated response be-
tween egg size and fecundity in our study, this would have
important implications for the study of evolutionary trade-
offs. Many characters, including life-history characters, are
thought to be under stabilizing selection in the wild (Char-
nov 1989; Bell 1997), and if this is generally the case, then
trade-offs may not evolve by means of single-step, direct
trade-offs whereby processes that lead to an increase in
one character (e.g., egg size) bring about an automatic
decrease in another (e.g., fecundity). Instead, correlated
responses to selection on life-history traits may be char-
acterized by periods of reduced ®tness, as linkage rela-
tionships are destroyed by recombination.
Irrespective of the genetic mechanism responsible for
the lack of a trade-off in this experiment, a negative genetic
correlation was not apparent between egg size and fe-
cundity in Drosophila melanogaster. Therefore, in this spe-
cies, the evolutionary basis of the classic trade-off between
egg size and fecundity does not appear to be the result of
a simple antagonistic relationship between these traits over
the short term. Our results suggest that the negative as-
sociation commonly observed between egg size and fe-
cundity may not evolve as a simple process, whereby a
change in egg size is automatically associated with a con-
comitant change in fecundity, in the opposite direction,
but instead may require a more complex series of evo-
lutionary steps.
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